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Abstract
We study three-body charmless baryonic B decays of B → ΛΛ¯P with P = pi and K in the
standard model. We find that the branching ratios of theK modes are about one order of magnitude
larger than those of the corresponding pi modes unlike the cases of B → pp¯P . Explicitly, we obtain
that Br(B− → ΛΛ¯K−) = (2.8 ± 0.2) × 10−6 and Br(B¯0 → ΛΛ¯K¯0) = (2.5 ± 0.3) × 10−6. The
former agrees well with the BELLE experimental measurement of (2.91+0.90
−0.70 ± 0.38)× 10−6, while
the latter should be seen at the ongoing B factories soon.
PACS numbers:
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There have been lots of attentions recently on charmless three-body baryonic B decays
due to the several new experimental measurements by BELLE and BABAR [1, 2, 3, 4, 5].
It has been realized that baryonic B decays could happen since the B-meson mass can be
heavier than the invariant baryon masses. In particular, the reduced energy release can make
the decays as significant as the two-body mesonic decay modes [6]. As the main characteristic
of the three-body baryonic decays, the baryon pair threshold effect [6, 7] results in the decay
modes being accessible at the current B factories. Indeed, some of the modes have been seen
and limited recently by the BELLE and BABAR collaborations, with the data given by
Br(B− → pp¯pi−) = (3.06+0.73
−0.62 ± 0.37)× 10−6 (BELLE)[1] ,
Br(B0 → pp¯KS) = (1.20+0.32−0.22 ± 0.14)× 10−6 (BELLE)[2] ,
Br(B− → pp¯K−) = (5.3+0.45
−0.39 ± 0.58)× 10−6 (BELLE)[2] ,
(6.7± 0.9± 0.6)× 10−6 (BABAR)[3] ,
Br(B¯0 → Λp¯pi+) = (3.27+0.62
−0.51 ± 0.39)× 10−6 (BELLE)[2] ,
Br(B− → Λp¯γ) = (2.16+0.58
−0.53 ± 0.20)× 10−6 (BELLE)[4] ,
Br(B− → ΛΛ¯K−) = (2.91+0.90
−0.70 ± 0.38)× 10−6 (BELLE)[5] , (1)
and
Br(B− → ΛΛ¯pi−) < 2.8× 10−6 (BELLE)[5] , (2)
respectively. Note that the three-body decays in Eq. (1) are much larger than the cor-
responding two-body baryonic modes, for which only upper bounds of O(10−7) have been
reported [8].
There are mainly two kinds of approaches to study the baryonic B decays in the literature.
One is the pole model, presented in Refs. [9, 10, 11], where the intermediate particles
couple dominantly to the final states. The other, proposed in Refs. [7, 12, 13], is based
on the QCD counting rules [14, 15], which deal with the baryonic form factors by power
expansions. We note that global χ2 fits in Ref. [16] for Br(B− → pp¯pi−), Br(B0 → pp¯K0)
and Br(B− → pp¯K−) [1] with the QCD counting rules have been performed and consistent
results with data have been derived. Furthermore, various radiative three-body baryonic B
decays [16] have been studied.
In this report, we will concentrate on the three-body charmless baryonic decays of
B → ΛΛ¯P (P = pi and K) (3)
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FIG. 1: Diagrams for B → BB¯P with B = p and Λ, P = pi(K) for q = d(s) and q′ = u(d) for
charged (neutral) modes, and where (a) and (b) represent C and T terms, respectively.
based on the QCD counting rules. We note that so far there has been no theoretical study
on the modes in Eq. (3) in the literature. In particular, we do not know the reason why the
decay branching ratio of B− → ΛΛ¯pi− is smaller than that of B− → ΛΛ¯K−, whereas the
corresponding pp¯ modes are comparable, in terms of the data shown in Eqs. (1) and (2). In
addition, these decays are of great interest since they provide opportunities for probing T
violating effects [17] due to the measurable polarization of Λ [18].
There are two types of diagrams which contribute to the decays in Eq. (3) under the
factorization approximation [7], with Figs. 2a and 2b representing typical diagrams of a
current-produced baryon pair with B → P and a current-produced P with B → BB¯,
named as C and T terms, respectively. The amplitude of B → BB¯P with B = p or Λ and
P = pi or K in the factorization approximation is given by [7]
A(B → BB¯P ) = C(B → BB¯P ) + T (B → BB¯P ) , (4)
where [19, 20]
C(B → BB¯P ) = GF√
2
{
VubV
∗
uqa2〈BB¯|(u¯u)V−A|0〉〈P |(q¯b)V−A|B〉
−VtbV ∗tq
[
a3〈BB¯|(u¯u+ d¯d+ s¯s)V−A|0〉+ a4〈BB¯|(q¯q)V−A|0〉
+a5〈BB¯|(u¯u+ d¯d+ s¯s)V+A|0〉+ 3
2
a9〈BB¯|(euu¯u+ edd¯d+ ess¯s)V−A|0〉
]
〈P |(q¯b)V−A|B〉+ VtbV ∗tq2a6〈BB¯|(q¯q)S+P |0〉〈P |(q¯b)S−P |B〉
}
, (5)
3
with q = d(s) for P = pi(K), while T (B → BB¯P ) is decomposed with the P -meson decay
constant fP induced from the P creation and B → BB¯ through scalar and pseudoscalar
currents as
T (B → BB¯P ) = iGF√
2
fPmb
[
αP 〈BB¯|q¯′b|B〉+ βP 〈BB¯|q¯′γ5b|B〉
]
, (6)
with q′ = u(d) for charged (neutral) modes, and
αP (βP ) =
[
VubV
∗
uqaP − VtbV ∗tq
(
a′P ± a′′P
2m2P
mb(mq +mq′)
)]
, (7)
where api− = aK− = a1, api0 = a2, aK0 = 0, a
′
pi− = a
′
K− = a
′
K0
= a4 ,a
′
pi0
= −a4 + 3a9/2,
a′′
pi−,K−,K0
= a6 and a
′′
pi0
= −a6. Here, fpi0 = fpi/
√
2, Vij denote the CKM mixing matrix
elements [21], ai (i = 1, · · · , 10) are composed with (effective) Wilson coefficients c(eff)i (i =
1, 2, · · · , 10), defined in Refs. [19, 20], and Nc is the effective color number. The coefficients
ai and c
(eff)
i are related by
ai = c
eff
i +
ceffi+1
Nc
(i=odd) , ai = c
eff
i +
ceffi−1
Nc
(i=even) . (8)
To calculate the decay rate, we need to know the hadronic transition matrix elements in
Eqs. (5) and (6). The B → P transition matrix element can be parameterized as
〈P |q¯γµ(1− γ5)b|B〉 =
[
(pB + pP )
µ − m
2
B −m2P
(pB − pP )2 (pB − pP )
µ
]
FB→P1 (t)
+
m2B −m2P
(pB − pP )2 (pB − pP )
µFB→P0 (t) , (9)
where t ≡ (pB + pB¯)2 and FB→P1,0 (t) are defined by [22]
FB→P1 (t) =
FB→P1 (0)
(1− t
M2
V
)(1− σ11t
M2
V
+ σ12t
2
M4
V
)
,
FB→P0 (t) =
FB→P0 (0)
1− σ01t
M2
V
+ σ02t
2
M4
V
, (10)
with the input parameter values of FB→pi1 (0) = F
B→pi
0 (0) = 0.29, σ11 = 0.48, σ12 = 0,
σ01 = 0.76, σ02 = 0.28 and MV = 5.32 GeV for B → pi and FB→K1 (0) = FB→K0 (0) = 0.36,
σ11 = 0.43, σ12 = 0, σ01 = 0.70, σ02 = 0.27 and MV = 5.42 GeV for B → K, respectively.
For those of the baryon pair involving the vector, axial-vector, scalar and pseudoscalar
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currents in Eq. (5), we have
〈BB¯|Vµ|0〉 = u¯(pB)
{
F1(t)γµ +
F2(t)
mB +mB¯
σµν(pB¯ + pB)µ
}
v(pB¯) ,
= u¯(pB)
{
[F1(t) + F2(t)]γµ +
F2(t)
mB +mB¯
(pB¯ − pB)µ
}
v(pB¯) ,
〈BB¯|Aµ|0〉 = u¯(pB)
{
gA(t)γµ +
hA(t)
mB +mB¯
(pB¯ + pB)µ
}
γ5v(pB¯) ,
〈BB¯|S|0〉 = fS(t)u¯(pB)v(pB¯) ,
〈BB¯|P |0〉 = gP (t)u¯(pB)γ5v(pB¯) , (11)
where Vµ = q¯iγµqj , Aµ = q¯iγµγ5qj , S = q¯iqj and P = q¯iγ5qj with qi = u, d and s. We note
that F2(t) alone can not be determined by the present experimental data. However, F2(t)
can be ignored since it acquires one more 1/t than F1(t) according to the power expansion
in a perturbative QCD re-analysis [23, 24]. By using equation of motion and adopting zero
quark mass limits, we have
hA(t) = −gA(t)(mB +mB¯)
2
t
. (12)
In terms of the SU(3) flavor symmetry, the form factors [F1(t) + F2(t)], gA(t), fS(t) and
gP (t) in Eq. (11) can be related to another set of form factors DX(t), FX(t) and SX(t)
where X = V,A, S and P denote vector, axial-vector, scalar, pseudo-scalar currents, defined
in Table I, respectively. It is noted that the zero value of 〈pp¯|(s¯s)X |0〉 in the second column
is due to the OZI suppression rule. As an illustration, we take 〈ΛΛ¯|(u¯u+ d¯d + s¯s)V,A|0〉 in
TABLE I: Relations of form factors between different sets of parameterizations, where the form
factors [F1(t) + F2(t)], gA(t), fS(t) and gP (t) correspond to the notations V , A, S and P in the
first column, respectively.
Form Factor (X=V,A,S,P) BB¯ = pp¯ BB¯ = ΛΛ¯
〈BB¯|(u¯u)X |0〉 DX(t) + FX(t) + SX(t) 13 [DX(t) + 3SX(t)]
〈BB¯|(d¯d)X |0〉 SX(t) 13 [DX(t) + 3SX(t)]
〈BB¯|(s¯s)X |0〉 DX(t)− FX(t) + SX(t) = 0 13 [4DX(t) + 3SX(t)]
〈BB¯|(u¯u+ d¯d+ s¯s)X |0〉 2DX(t) + 3SX(t) 2DX(t) + 3SX(t)
〈BB¯|(euu¯u+ edd¯d+ ess¯s)X |0〉 FX(t) + 13DX(t) −13DX(t)
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Eq. (5) and we have
FΛΛ¯1 (t) + F
ΛΛ¯
2 (t) = 2DV (t) + 3SV (t) ,
gΛΛ¯A (t) = 2DA(t) + 3SA(t) ,
hΛΛ¯A (t) = −gΛΛ¯A (t)
(mΛ +mΛ¯)
2
t
. (13)
For DX(t), FX(t), and SX(t), since they are related to the nucleon magnetic (Sachs) form
factors G
p(n)
M (t), we adopt the results for G
p(n)
M (t) in Ref. [25], which are extracted from
experiments.
The functions of G
p(n)
M (t), DX(t), FX(t) and SX(t) are parameterized as
GpM(t) =
5∑
i=1
xi
ti+1
[
ln(
t
Λ20
)
]
−γ
, GnM(t) =
2∑
i=1
yi
ti+1
[
ln(
t
Λ20
)
]
−γ
, SV (t) =
2∑
i=1
si
ti+1
[
ln(
t
Λ20
)
]
−γ
,
DA(t) =
2∑
i=1
d˜i
ti+1
[
ln(
t
Λ20
)
]
−γ
, FA(t) =
2∑
i=1
f˜i
ti+1
[
ln(
t
Λ20
)
]
−γ
, SA(t) =
2∑
i=1
s˜i
ti+1
[
ln(
t
Λ20
)
]
−γ
,
DP (t) =
2∑
i=1
d¯i
ti+1
[
ln(
t
Λ20
)
]
−γ
, FP (t) =
2∑
i=1
f¯i
ti+1
[
ln(
t
Λ20
)
]
−γ
, SP (t) =
2∑
i=1
s¯i
ti+1
[
ln(
t
Λ20
)
]
−γ
,
(14)
with
DV (t) = −3
2
GnM(t) , FV (t) = G
p
M(t) +
1
2
GnM(t) , DS(t) = −
3
2
nqG
n
M(t) ,
FS(t) = nq[G
p
M(t) +
1
2
GnM(t)] , SS(t) = nqSV (t) . (15)
The input numbers can be found in Refs. [7, 12, 13]. Explicitly, we take γ = 2.148,
x1 = 420.96 GeV
4, x2 = −10485.50 GeV6, x3 = 106390.97 GeV8, x4 = −433916.61 GeV10,
x5 = 613780.15 GeV
12, y1 = 292.62 GeV
4, y2 = −579.51 GeV6, s1 = x1 − 2y1, s2 =
500 GeV6, d˜1 = x1 − 32y1, f˜1 = 23x1 + 12y1, s˜1 = −x1/3 + 2y1, d˜2 = f˜2 = −478 GeV6,
s˜2 = 0, d¯1 = nq
3
2
y1, f¯1 = nq(x1 − 32y1), s¯1 = nq(x1 − 2y1), s¯2 = nqs2, d¯2 = f¯2 = −952 GeV6
and Λ0 = 0.3 GeV. We remark that the parameter nq in Eq. (15) corresponds to the
(mB − mB¯′)/(mq − mq¯′) term in connecting scalar form factors to vector ones in the case
of B 6= B¯′. In B → BB¯P decays, this parameter is not well-defined. However, by taking
mq¯′ → mq and mB¯′ → mB, it has been shown [12] that nq is around 1.3 − 1.4. Here we fix
nq ≃ 1.4.
6
For the B → BB¯ transition in Eq. (6), we first discuss the case with B = p. For
B− → pp¯, one has [7]
〈pp¯|u¯b|B−〉 = iu¯(pp)[FA 6pγ5 + FPγ5]v(pp¯) ,
〈pp¯|u¯γ5b|B−〉 = iu¯(pp)[FV 6p+ FS]v(pp¯) , (16)
where p = pB − (pp¯ + pp). Note that FS = FP as shown in Ref. [12]. For B¯0 → pp¯, one gets
〈pp¯|d¯b|B¯0〉 = iu¯(pp)[F pp¯A 6pγ5 + F pp¯P γ5]v(pp¯) ,
〈pp¯|d¯γ5b|B¯0〉 = iu¯(pp)[F pp¯V 6p+ F pp¯S ]v(pp¯) . (17)
The form factors in Eqs. (16) and (17) can be related [7, 16] by the SU(3) symmetry and
the helicity conservation [14, 15] and one obtains that
F pp¯A =
1
10
(11FA + 9FV ), F
pp¯
V =
1
10
(9FA + 11FV ), F
pp¯
P (S) = −
1
4
FP . (18)
Moreover, the three form factors FA, FV and FP in Eq. (16) can be simply presented by [7]
FA,V =
CA,V
t3
, FP =
CP
t4
, (19)
where Ci (i = A, V, P ) are new parameterized form factors, which are taken to be real. By
following the approach of Refs. [7, 15], the form factors in B−,0 → ΛΛ¯ transitions are given
by
FΛΛ¯A =
CΛΛ¯A
t3
, FΛΛ¯V =
CΛΛ¯V
t3
, FΛΛ¯P (S) =
CΛΛ¯P
t4
, (20)
where
CΛΛ¯A =
1
10
(9CA + 6CV ) , C
ΛΛ¯
V =
1
10
(6CA + 9CV ) , C
ΛΛ¯
P = 0. (21)
It is interesting to note that FΛΛ¯P (S) = 0 from Eqs. (20) and (21). The reason
1 for this result is
that FΛΛ¯P (S) correspond to a helicity (chirality) flipped terms in the B → ΛΛ¯ matrix elements
in the large momentum transfer. It is well known that the spin of Λ is carried by the s-quark
component. Hence, such a term requires a chirality flip in the s-quark, which is absent in
the decay amplitude of B → ΛΛ¯.
1 We thank the argument given by the referee.
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TABLE II: Fits of (CA,CV ) in units of GeV
4.
Input experimental data Fit result best fit (with 1σ error )
Br(B− → pp¯pi−) [1] Eq. (1) CA −71.0 ± 5.3
Br(B0 → pp¯K0) [2] CV 42.0 ± 9.2
Br(B− → pp¯K−)[2] χ2/ndf 1.9
Br(B− → Λp¯γ) [4]
To obtain these unknown form factors, we use the χ2 fit with the experimental data in
Eq. (1). Here we have neglected [16] the CP term since it has one more 1/t over CA and
CV as shown in Eq. (19). Therefore, we keep the numbers of the degree of freedom (ndf)
to be 2. In our fit, we also include the uncertainties from the Wolfenstein parameters [26]
in the CKM matrix. Explicitly, we use λ = 0.2200± 0.0026, A = |Vcb|/λ2 = 0.853± 0.037,
ρ = 0.20 ± 0.09 and η = 0.33 ± 0.05 [27]. We follow the Refs. [20, 28] to deal with ai
(i = 1, ..., 10) and we take Wilson coefficients from Ref. [29].
The experimental inputs and the fitted results are shown in Table II. With the fitted
values in Table II, the theoretical predictions with 1σ error for B− → ΛΛ¯P are given by
Br(B− → ΛΛ¯K−) = (2.8± 0.2)× 10−6 ,
Br(B− → ΛΛ¯pi−) = (1.7± 0.7)× 10−7 , (22)
which agree very well with the recent BELLE data [5] in Eq. (1). We note that the
spectrum of B− → ΛΛ¯K− shown in Fig. 2b is consistent with that in Ref. [5] by BELLE.
Our predicted values in Eq. (22) show that Br(B− → ΛΛ¯pi−) ≪ Br(B− → ΛΛ¯K−) unlike
Br(B− → pp¯pi−) ∼ Br(B− → pp¯K−) as indicated in Eq. (1). This result can be easily
understood from the theoretical point of view. As B− → pp¯pi− can not obtain a large
contribution from C in Eq. (5) since a2 is color suppressed, its main contribution is from a1
term in T as seen in Eqs. (6) and (7), whereas B− → pp¯K− is due to the penguin part which
gives contributions to the terms in both C and T . However, it is not the case forB− → ΛΛ¯K−
since 〈ΛΛ¯|(s¯s)X |0〉 in Eq. (5) escapes from the OZI suppression. Its contribution is mainly
from C which is enhanced by a6 with the chiral enhancement, whereas it is suppressed in
T . For B− → ΛΛ¯pi−, on the other hand, because of the a2 color suppression in C and
the small contribution in T , its branching ratio is small. Moreover, to explicitly see the
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FIG. 2: dBr/dm
BB¯
as a function of m
BB¯
for (a) B− → pp¯P and (b) B− → ΛΛ¯P , where the solid
and dashed lines for P = K− and P = pi−, respectively.
T -suppression in the ΛΛ¯ case, we show the spectra of B− → pp¯pi− and B− → ΛΛ¯pi− in Fig.
2. We note that the two modes contain the same T -amplitudes in Eq. (6). As shown in
Fig. 2 the main contributions to the rates are due to the threshold effect, resulting from
the form factors of FA,V = CA,V /t
3 and FΛΛ¯A,V = C
ΛΛ¯
A,V /t
3 in B− → pp¯pi− and B− → ΛΛ¯pi−,
respectively. When t = (pB + pB¯)
2 → tmin = (mB +mB¯)2, t−3ΛΛ¯ ≃ t−3pp¯ /3. Furthermore, the
relations from the numerator of the form factor are CΛΛ¯A ≃ CA/2 and CΛΛ¯V ≃ −CV /10. Once
we combine the relations above and integrate them through the phase space, we obtain that
Br(B− → ΛΛ¯pi−) ≃ O(10−1)Br(B− → pp¯pi−).
Similarly, we can also study the neutral decay modes of B¯0 → ΛΛ¯K¯0(pi0), which have
not been measured yet. The decay branching ratios are found to be
Br(B¯0 → ΛΛ¯K¯0) = (2.5± 0.3)× 10−6,
Br(B¯0 → ΛΛ¯pi0) = (0.4± 0.4)× 10−7. (23)
As seen from Eq. (23), the decay branching ratio of B¯0 → ΛΛ¯K¯0 is almost the same as that
of B− → ΛΛ¯K−, whereas B¯0 → ΛΛ¯pi0 is still suppressed as B− → ΛΛ¯pi−. We note that the
errors of Br(B− → ΛΛ¯K−) and Br(B¯0 → ΛΛ¯K¯0) in Eqs. (22) and (23) are small since the
main contributions are not from CΛΛ¯A,V which receive almost all uncertainties from the data.
To describe the possible non-factorizable effects, we also fit the data with Nc = 2 and∞.
As expected, we find that the branching ratios of the K modes are slightly changed, while
the central values of B− → ΛΛ¯pi− and B¯0 → ΛΛ¯pi0 shift to 2.3 and 1.3 (0.7 and 0.1) for
Nc = 2 (∞), respectively. We may conclude that the two pi modes remain small even with
including all possible non-factorizable effects. However, as pointed in Ref. [30], a2 can only
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be determined by the experimental data in the two-body B decays, since the experimental
data of Br(B¯0 → pi0pi0) and Br(B¯0 → D0pi0) are much larger than the theoretical values,
which means the failure of the factorization approximation. On the other hand, in the three-
body baryonic B decays, due to the complicated topology of Feynman diagrams, it is not as
easy as those of the two-body decays to influence a2 by the annihilations [31] as well as the
final state interactions [32]. Therefore, the value of a2 may not change much. Nevertheless,
we leave the surprise to the experimentalists if the factorization does not work well in these
two modes as those in the two-body decays.
In sum, we have studied three-body charmless baryonic B decays of B → ΛΛ¯pi and
B → ΛΛ¯K based on the QCD counting rules in the standard model. We have shown that
Br(B−,0 → ΛΛ¯K−,0) ≫ Br(B−,0 → ΛΛ¯pi−,0) unlike the cases of B → pp¯pi (K). Explicitly,
we have found that Br(B− → ΛΛ¯K−) = (2.8±0.2)×10−6, Br(B¯0 → ΛΛ¯K¯0) = (2.5±0.3)×
10−6, Br(B− → ΛΛ¯pi−) = (1.7±0.7)×10−7 and Br(B¯0 → ΛΛ¯pi0) = (0.4±0.4)×10−7. It is
interesting to note that the decay of B¯0 → ΛΛ¯K¯0 should be seen at the ongoing B factories
soon.
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